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Chasing dark matter at the LHC
• this talk will focus on selected results on simplified dark matter models & benchmark extensions 

• ATLAS results on more complex models covered in talks by A. Sharma (SUSY) & A. Leopold (2HDM+a, H→inv.)

• go beyond EFT approach (Run 1 approach) 
• introduce a new mediator and fermionic WIMPs 
• described  in general by few parameters  

{mX, mZ’, gq, gDM} 

Why simplified?
• mono-X final states: excess in the ET

miss distribution 
• di-jet resonant production: bump in mjj spectrum 
• over-production of HF + ET

miss final states

What we expect to see?
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18 atlas+cms dark matter forum

V, A(Mmed)

q̄

q

c̄(mc)

c(mc)g

gq gDM

Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).
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The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.
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Figura 2.5. Esempi di processi e segnature accessibili in un modello in cui un nuovo bosone
vettore R è in grado di accoppiarsi con un settore visibile (q, q̄) e un settore Oscuro
(‰, ‰̄), con due costanti gq.‰ in generali di�erenti. I vari processi sono: (a) annichilazione
di Materia Oscura, (b) scattering di DM in esperimenti di ricerca diretta, (c) segnature
di tipo monojet, (d) segnature di tipo dijet osservabili a LHC e (e) segnatire dijet con
produzione associata.

a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
accessibile e�ettivamente. In figura 2.5 sono riportati alcuni esempi di processi
accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
Chiaramente la rate dei processi elencati sopra andrà con una potenza della costante
di accoppiamento che dipenderà dal processo stesso. Tutte strategie di analisi sono
quindi tra di loro complementari perché sono sensibili a regioni dello spazio dei
parametri di�erenti. In particolare per una ricerca ai collider per una risonanza
in due jet, data una sezione d’urto di produzione ‡R di tale risonanza, la rate di
produzione sarà il prodotto di quest’ultima per il branching ratio in stati visibili. Ad
esempio se la risonanza, prodotta on-shell, ha una larghezza di decadimento totale
data quasi completamente da stati finali in quark, si ha che

Rate Ã ‡R Ã g2
q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
di DM è accessibile o meno.
In generale un modello per uno Z Õ può essere ottenuto a partire dalla lagrangiana
generica
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ossia un modello con accoppiamenti del tipo V ≠ A e costanti di accoppiamento in
generale tutte diverse fra loro. La larghezza di decadimento di tale mediatore in
termine degli accoppiamenti è
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in cui z‰,f = m2
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/M2
ZÕ , Nc = 3 per i quark e Nc = 1 per i leptoni. Ognuna delle

reazioni per sui si sono calcolate le larghezze 2.22 deve essere cinematicamente
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shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
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https://indico.bnl.gov/event/9726/contributions/46368/
https://indico.bnl.gov/event/9726/contributions/46353/
https://www.sciencedirect.com/science/article/pii/S2212686419301712?via=ihub
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Mono-jet in a nutshell
• goal: look for an excess of events in the ET

miss distribution → discriminant variable 
• most general signature for BSM particles, sensitive to a wide range of DM models - more results in backup 

• candidate events selection:

hard signal
SM

ET
miss

soft signalat least one energetic jet  
pT > 150 GeV

no leptons (incl. τ) 
 nor photons

min∆Φ

ET
miss  trigger

up to 3  
additional jets

ET
miss  > 200 GeV

Dominant irreducible background: Z(→vv)+jets 

arXiv:2102.10874

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
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92 7. The Mono-jet Analysis

Three di�erent lepton CRs are defined to constrain the electroweak backgrounds
in the SR. In order to maintain a kinematic selection as close as possible to the
SR, the same SR selection is kept replacing the lepton vetoes with dedicated lepton
requirements. Furthermore, the missing transverse momentum is modified in some
cases in order to treat the reconstructed leptons as invisible objects emulating the
same processes that a�ect the SR.

The first CR is labelled as CR1µ and is defined requiring only one muon in the
final state in order to populate the region with events coming from W (µ‹)+jets
processes. The selected muon is not used in the E

miss

T
calculation and it is treated

as an invisible particle so that the missing transverse momentum acts as a proxy for
the vector boson pT. In this way, the W boson decay emulates a Z boson decaying
in two neutrinos as illustrated in the scheme in Figure 7.3.

Figure 7.3. Scheme of the Z(‹‹)+jets and of the W (µ‹)+jets processes that shows how
considering the muon as invisible particles the two processes are kinematically very
similar.

This CR is crucial to evaluate the irreducible background given by the Z(‹‹)+jets
process acquiring a major role in the analysis, and by construction it is also used to
estimate the W (µ‹)+jets contribution that has a non-negligible impact in the SR.
In fact, the events coming from this process can pass the SR selection if the muon
crosses a region outside the detector acceptance, or if it is identified as another object
or if does not fulfill some of the muon quality requirements. In order to increase the
purity of the CR, an additional cut on the transverse mass of the system, composed
by the muon and the neutrino coming from the W boson, is required. It is defined as

mT =
Ò

2pT,µpT,‹(1 ≠ cos(„µ ≠ „‹)) , (7.8)

and only the events selected in the transverse mass range 30 GeV < mT < 100 GeV
are kept, in order to suppress the contribution from the W ·‹+jets process in this
CR.

The other CR, labelled as CR1e, requires the presence of only one electron in the
final state that passes the LooseTrackOnly electron isolation working point while
the muon veto is applied. The CR is dominated by W (e‹)+jets by construction and,
di�erently from CR1µ, the selected electron is considered in the E

miss

T
calculation.

In this case the missing transverse momentum describes mainly the neutrino ET.
Therefore the choice of using the same calorimeter based E

miss

T
definition in the

two CRs leads to select events with di�erent W boson pT spectra with respect to
CR1µ. Figure 7.4 shows the distribution of the W boson pT at the truth level
in CR1µ (in red), CR1e (in blue) and in a version of CR1e in which the electron
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• NNLO QCD & nNLO EW corrections to V+jets processes 
• following Eur. Phys. J. C 77, 829 (2017) 

• SM predictions adjusted using data in orthogonal  
control regions:
• leptons treated as invisible particles: ET

miss → pT
recoil

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
https://link.springer.com/article/10.1140/epjc/s10052-017-5389-1
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• simultaneous likelihood fit to pT
recoil distributions in CR to estimate SR total background 

• 1 normalisation factor for V+jets processes, 2 for top-q. processes - modelling corrected by dedicated CR

4

Background estimation: results

good agreement with Standard Model

arXiv:2102.10874

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
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Di-jet resonance searches
• goal: look for any excess over the mjj spectrum - main challenge: model SM QCD background
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• fully efficient ~ mjj > 1 TeV 
• tested both inclusive &  

b-tagged spectra 

• cut on rapidity gap of leading jets 
• target s-channel interactions
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

JHEP 03 (2020) 145

https://link.springer.com/article/10.1007/JHEP03(2020)145
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Di-jet resonance searches
• goal: look for any excess over the mjj spectrum - main challenge: model SM QCD background
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ATLAS
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2 b-tag

Data
Background fit
BumpHunter interval

 = 2 TeVZ'DM Z', m
 = 3 TeVZ'DM Z', m

-value = 0.83p
10×σ=0.25, qDM Z' g

• fully efficient ~ mjj > 1 TeV 
• tested both inclusive &  

b-tagged spectra 

• cut on rapidity gap of leading jets 
• target s-channel interactions

Background estimation

• Sliding WIndow FiT tested on pseudo-data to find best fit  
function for the background 

• uncertainty from function choice: ~10% at high mjj

5 Dijet mass spectrum

The SM production of dijet events is dominated by QCD multijet processes, which yield a smoothly falling
mjj spectrum. To determine the SM contribution, the sliding-window fitting method [5] is applied to the
data, with a nominal fit using a parametric function:

f (x) = p1(1 � x)p2 xp3+p4 ln x

where x = mjj/
p

s and p1,2,3,4 are the four fitting parameters. The background in each mjj bin is extracted
from the data by fitting in a mass window centred around that bin. The window size is chosen to be the
largest possible window that satisfies the fit requirements described later in this section.

Several data-driven background mjj spectra are used to validate the background fitting strategy. On these
spectra, ‘signal injection tests’ and ‘spurious signal tests’ are performed to validate the sliding-window fit.
For the b-tagged categories, the background-only spectra are derived from control regions (CRs) which
are constructed by reversing the requirement on |y⇤ | or removing the b-tagging requirement. In these
CRs the signal leakage is expected to be small, and this is confirmed by the MC simulation. In the CRs
with the |y⇤ | < 0.8 requirement reversed, per-event fractions passing b-tagging selections are derived
as functions of pT and ⌘ of the two leading jets for both the 1b and 2b categories, which fully take into
account the correlations between the leading and subleading jets. The dijet spectra from QCD processes
in the b-tagged signal regions are obtained from the CR with no b-tagging requirement (using the signal
region |y⇤ | selection), multiplied by the appropriate b-tagging e�ciencies. For the inclusive category, in
the absence of a background-dominated control region, a test spectrum corresponding to an integrated
luminosity of 139 fb�1 is created to perform these tests by scaling up the background-only fit to the 37 fb�1

dataset, which is already published in Ref. [5] with no evidence of new physics, and then fluctuating the
content of each bin around the fit value according to a Poisson distribution. No significant bias is observed
in the tests, as described below.

In the signal injection tests, various signal models are added to the expected background distribution to
assess whether or not the sliding-window procedure is able to fit the combined distribution and measure
the correct signal yield. This test is designed to evaluate how sensitive the sliding-window fit is to all the
tested signal types. For each of the benchmark and Gaussian-shaped signals, the extracted signal yield is
consistent with that injected within the statistical uncertainty.

In the spurious signal tests, signal-plus-background fits are run on the background-only spectra for di�erent
signal masses and the extracted signal yield is taken as an estimate of the spurious signal. This test
evaluates the robustness of the background fitting strategy and the capability of the fit function to model
the background. All signals considered for the inclusive categories show no bias, with the exception of
Gaussian-shaped resonances with relative widths of 15% where a spurious signal yield of up to 12% of the
statistical uncertainty of the estimated background from the fit is observed at high mass, where data counts
are limited. In the b-tagged categories, the spurious signal yield observed for all the signals considered
is between 10% and 20% of the statistical uncertainty of the estimated background fit. A corresponding
systematic uncertainty is assigned for a�ected signals as described in Section 6.

The statistical significance of any localised excess in the mjj distribution is quantified using the B���H�����
test [61, 62]. The B���H����� calculates the significance of any excess found in continuous mass
intervals in all possible locations of the binned mjj distribution. The search window’s width varies from a
minimum of two mjj mass bins up to half the extent of the full mjj mass distribution. For each interval in
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BumpHunter to evaluate significance of deviations

• bkg. uncertainty from: 
• stat. fluctuations of fit parameters: 0.1% - 30/40% at high mjj

 

• negligible contribution from spurious signal tests with Z’ signal
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Figura 2.5. Esempi di processi e segnature accessibili in un modello in cui un nuovo bosone
vettore R è in grado di accoppiarsi con un settore visibile (q, q̄) e un settore Oscuro
(‰, ‰̄), con due costanti gq.‰ in generali di�erenti. I vari processi sono: (a) annichilazione
di Materia Oscura, (b) scattering di DM in esperimenti di ricerca diretta, (c) segnature
di tipo monojet, (d) segnature di tipo dijet osservabili a LHC e (e) segnatire dijet con
produzione associata.

a ben oltre la scala del TeV. Il punto cruciale di queste ricerche è però che esse
sono sensibili a risonanze molto larghe. Inoltre, non sapendo nulla sulla natura
delle masse sia del mediatore sia della particella di Materia Oscura, bisogna stare
ben attenti a ragionare sullo spazio delle fasi e quindi sullo spazio dei parametri
accessibile e�ettivamente. In figura 2.5 sono riportati alcuni esempi di processi
accessibili con un modello di Materia Oscura in cui è previsto un nuovo mediatore.
Chiaramente la rate dei processi elencati sopra andrà con una potenza della costante
di accoppiamento che dipenderà dal processo stesso. Tutte strategie di analisi sono
quindi tra di loro complementari perché sono sensibili a regioni dello spazio dei
parametri di�erenti. In particolare per una ricerca ai collider per una risonanza
in due jet, data una sezione d’urto di produzione ‡R di tale risonanza, la rate di
produzione sarà il prodotto di quest’ultima per il branching ratio in stati visibili. Ad
esempio se la risonanza, prodotta on-shell, ha una larghezza di decadimento totale
data quasi completamente da stati finali in quark, si ha che

Rate Ã ‡R Ã g2
q (2.20)

Ovviamente la discussione fatta fino ad ora è solo qualitativa: va considerato infatti
che, anche nello scenario più semplice in cui gli accoppiamenti sono tutti uguali, il
rapporto tra le masse m‰ e mR è cruciale. Questo infatti determina se la produzione
di DM è accessibile o meno.
In generale un modello per uno Z Õ può essere ottenuto a partire dalla lagrangiana
generica

L
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‰ “5)‰ (2.21)

ossia un modello con accoppiamenti del tipo V ≠ A e costanti di accoppiamento in
generale tutte diverse fra loro. La larghezza di decadimento di tale mediatore in
termine degli accoppiamenti è
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in cui z‰,f = m2
‰,f

/M2
ZÕ , Nc = 3 per i quark e Nc = 1 per i leptoni. Ognuna delle

reazioni per sui si sono calcolate le larghezze 2.22 deve essere cinematicamente
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Figure 2.1: Representative Feynman
diagram showing the pair production
of Dark Matter particles in association
with a parton from the initial state via
a vector or axial-vector mediator. The
cross section and kinematics depend
upon the mediator and Dark Matter
masses, and the mediator couplings to
Dark Matter and quarks respectively:
(Mmed, mc, gc, gq).

Lvector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµq + gcZ0

µc̄gµc (2.1)

Laxial�vector = gq Â
q=u,d,s,c,b,t

Z0
µ q̄gµg5q + gcZ0

µc̄gµg5c. (2.2)

The coupling gq is assumed to be universal to all quarks. It is also
possible to consider other models in which mixed vector and axial-
vector couplings are considered, for instance the couplings to the
quarks are axial-vector whereas those to DM are vector. As men-
tioned in the Introduction, when no additional visible or invisible
decays contribute to the width of the mediator, the minimal width
is fixed by the choices of couplings gq and gc. The effect of larger
widths is discussed in Section 2.5.2. For the vector and axial-vector
models, the minimal width is:
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q(x) denotes the Heaviside step function, and b f =

r
1 �

4m2
f

M2
med

is the velocity of the fermion f with mass m f in the mediator
rest frame. Note the color factor 3 in the quark terms. Figure 2.2
shows the minimal width as a function of mediator mass for both
vector and axial-vector mediators assuming the coupling choice
gq = gc = 1. With this choice of the couplings, the dominant con-
tribution to the minimal width comes from the quarks, due to the
combined quark number and color factor enhancement. We specif-
ically assume that the vector mediator does not couple to leptons.
If such a coupling were present, it would have a minor effect in in-
creasing the mediator width, but it would also bring in constraints
from measurements of the Drell-Yan process that would unneces-
sarily restrict the model space.

JHEP 03 (2020) 145

https://link.springer.com/article/10.1007/JHEP03(2020)145
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The ATLAS DM searches atlas
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Comparison to direct detection experiments

! comparison depends on chosen couplings

ATL-PHYS-PUB-2021-006

• mono-jet sets the strongest limits among mono-X searches 
• inclusive dijet dominates resonant searches

• also different gq scenarios tested — see backup

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
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Search for dark matter in tt+ET
miss final states

• target simplified models with scalar (S) /pseudo-scalar (P) mediators & large coupling to HF - Yukawa like interaction 
• selecting final states with ≥ 1 b-jets & 2 leptons - dilepton trigger 

• fake ET
miss limited by ET

miss significance cut, stransverse mass (mT2) cut to reduce tt background 
• binned mT2 signal region split for lepton flavour: different (DF) & same flavour (SF) selections 

• dedicated tt and ttZ enriched control regions to correct backgrounds normalisation 
• dominant uncertainties: jet energy scale & resolution measurements, tt modelling, MC stat 
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arXiv:2102.01444

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-08/
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8

arXiv:2101.12527

Search for dark matter in bb+ET
miss final states

• select events with ET
miss trigger + two b-jets - εb≈77% 

• keep selections low via a two dimensional cut on pT(j1)  & ET
miss  

• BDT discriminants SM tt, V+jets vs simplified DM models with Yukawa like interaction & S/P- mediator 
• final discriminant:  — Z+≥ 2 b-jets control regions to correct SM predictions 

• dominant uncertainty from modelling of Z+HF process

cos θ*bb = | tanh Δη(b1, b2)/2 |

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-34/
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Scalar & pseudo-scalar mediators
• best sensitivity looking at HF+ ET

miss final states 
• targeted also by mono-jet search 

• softer ET
miss spectrum w.r.t. SM 

• reduced sensitivity due to large backgrounds

ATLAS vs indirect detection  
experiments

!
comparison depends  

on couplings
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 [arXiv:2102.01444]-1+a 2L, 139 fbtt

 [arXiv:2102.10874]-1j+a monojet, 139 fb

 PreliminaryATLAS
All limits at 95% CL

-1=13 TeV, 36.1-139 fbs March 2021
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Figure 2.14: One-loop diagrams of
processes exchanging a scalar (S) or
pseudoscalar (P) mediator, leading to a
mono-jet signature.

complex phenomenology with respect to what considered in this
Section (for a more complete discussion, see Refs. [BFG15; HR15]).
In the interest of simplicity, we do not study models including
those interactions in this report as early Run-2 benchmark models,
but we give an example of a model of this kind in Appendix A.4.

Relative to the vector and axial-vector models discussed above,
the scalar models are distinguished by the special consequences
of the MFV assumption: the very narrow width of the mediator
and its extreme sensitivity to which decays are kinematically avail-
able, and the loop-induced coupling to gluons. The interaction
Lagrangians are

Lf = gcfc̄c +
f
p

2 Â
i

⇣
guyu

i ūiui + gdyd
i d̄idi + g`y`i ¯̀ i`i

⌘
, (2.6)

La = igcac̄g5c +
ia
p

2 Â
i

⇣
guyu

i ūig5ui + gdyd
i d̄ig5di+

g`y`i ¯̀ ig5`i

⌘
. (2.7)

where f and a are respectively the scalar and pseudoscalar media-
tors, and the Yukawa couplings y f

i are normalized to the Higgs vev
as y f

i =
p

2m f
i /v.

The couplings to fermions are proportional to the SM Higgs
couplings, yet one is still allowed to adjust an overall strength of the
coupling to charged leptons and the relative couplings of u- and d-
type quarks. As in the preceding sections, for the sake of simplicity
and straightforward comparison, we reduce the couplings to the
SM fermions to a single universal parameter gq ⌘ gu = gd = g`.
Unlike the vector and axial-vector models, the scalar mediators are
allowed to couple to leptons.4 4 This contribution plays no role

for most of the parameter space
considered. The choice to allow
lepton couplings follows Refs. [BFG15;
Har+15].

The relative discovery and exclusion power of each search can
be compared in this framework. However, we again emphasize the
importance of searching the full set of allowed channels in case vio-
lations of these simplifying assumptions lead to significant modifi-
cations of the decay rates that unexpectedly favor different channels
than the mix obtained under our assumptions. The coupling gc

parametrizes the entire dependence on the structure between the
mediator and the dark sector.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-06/
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Extending the dark sector
• introduce an additional scalar particle s: the dark Higgs 

• additional parameter {mX, mZ’, ms, gq, gX}  
• main decay mode s → WW (ZZ) for mS > 160 (180) GeV 
• to maximise BR fully hadronic final states targeted

Q: If WIMPs have mass, does a dark Higgs mechanism exist?

Majorana WIMPs

 Phys. Rev. Lett. 126 (2021) 121802

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802
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Extending the dark sector
• introduce an additional scalar particle s: the dark Higgs 

• additional parameter {mX, mZ’, ms, gq, gX}  
• main decay mode s → WW (ZZ) for mS > 160 (180) GeV 
• to maximise BR fully hadronic final states targeted

Q: If WIMPs have mass, does a dark Higgs mechanism exist?

Majorana WIMPs

• boosted s → VV decay: better reconstruction with large-R jets, R = 0.8 
• innovative methods used to improve resolution of jet-substructure variables

Track-assisted reclustered jet algorithm

Calibrated 
anti-kt R = 0.2 jets

TAS Rescale tracks 
to subjet pT

Match tracks 
to subjets

TAR
Rescale tracks to  
pT of the matched  

R = 0.2 jet

Calculate 
substructure 
from tracks

Recluster input 
jets into trimmed  

large-R jets

Match tracks 
to constituent 

R = 0.2 jets

SAT Rescale tracks to  
matched jet pT

Calculate 
substructure 
from tracks

Recluster tracks into 
trimmed  

large-R jets

Match tracks 
to input jets and 

merge jets

Calculate 
substructure 
from tracks

Trimmed anti-kt R = 1.0 jet 
with kt R = 0.2 subjets

Tracks

Tracks

Calibrated 
anti-kt R = 0.2 jets

Tracks

Figure 1: Flowchart summarising the TAS, TAR, and SAT algorithms. The inputs for each algorithm are listed in
the blue boxes.

5.1 Track-assisted subjet algorithm (TAS)

The track-assisted subjet (TAS) algorithm [3] uses tracks whose pT is scaled using calorimeter information
to calculate mass and other substructure observables for standard large-R jets. Tracks that are ghost-
associated with the standard large-R jet are matched to kt subjets using ghost-association and any tracks
that remain are matched to the nearest subjet in �R if �Rsubjet,track < 0.3. The energy of neutral hadronic
components is accounted for by scaling the pT of all tracks as

p
track, new
T = p

track, old
T ⇥

p
subjet
T, jX

i2 j
p

track, old
T, i

, (2)

where the index i runs over all tracks matched to subjet j. The rescaled tracks are clustered using the
anti-kt algorithm to form a single large-R jet. The mass, m

TAS, and other substructure observables of this
jet are calculated directly using the momentum-corrected constituent tracks. The advantage of the TAS
algorithm over the standard track-assistance is that it applies the correction for the missing fraction of the
energy due to neutral particles on a subjet-by-subjet basis rather than on a jet-by-jet basis, thus accounting
for local e�ects and resulting in a significantly improved substructure resolution. The TAS procedure,
with a focus on m

TAS, is discussed in more detail in Ref. [3].

5.2 Track-assisted reclustered jet algorithm (TAR)

The track-assisted reclustered (TAR) jet algorithm uses tracks and calibrated anti-kt R = 0.2 jets to
reconstruct large-R anti-kt jets. The R = 0.2 jets are clustered to form large-R jets that are then trimmed
using fcut = 0.05. Optimization studies show that trimming improves the resolution of the TAR algorithm,
despite using pile-up corrected R = 0.2 jets as input. Tracks are then matched to R = 0.2 jets that remain
in the event after the trimming procedure is applied. This is done first using ghost-association and then

7
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0.4 0.4 0.4

Large-R jet

 Phys. Rev. Lett. 126 (2021) 121802

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.121802
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Search for a dark Higgs boson
• n-subjettiness variables used to discriminate 4-prong topology within high energetic TAR jets 
• events failing TAR jets selection recovered in the Intermediate category - include closest anti-kt 0.4 jet  
• signal regions: invariant mass of dark Higgs candidate, mVV distribution 

• single-bin control regions to correct SM V+jets predictions obtained inverting lepton veto 
• dominant uncertainties: V+jets modelling, jet measurements
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Search for a dark Higgs boson
• n-subjettiness variables used to discriminate 4-prong topology within high energetic TAR jets 
• events failing TAR jets selection recovered in the Intermediate category - include closest anti-kt 0.4 jet  
• signal regions: invariant mass of dark Higgs candidate, mVV distribution 

• single-bin control regions to correct SM V+jets predictions obtained inverting lepton veto 
• dominant uncertainties: V+jets modelling, jet measurements
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Conclusions
• presented recent results on simplified DM models 

• more extended DM models covered in Alexander’s talk targeting mono-H final states & Higgs to invisible decays 
• many DM candidates might be identified in SUSY models - latest results from ATLAS in Abhishek’s talk 

• in general growing interest towards more exotics signatures in ATLAS 
• pushes our understanding of the detector forward!
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → ℓνqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 0 e, µ ≥ 1 b, ≥ 2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT W ′ →WZ → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT Z ′ → ZH model B 0-2 e, µ 1-2 b Yes 139 gV = 3 ATLAS-CONF-2020-0433.2 TeVZ′ mass

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 2007.052933.2 TeVW′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass

LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0121.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0122.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV ATLAS-CONF-2021-0063.1 TeVmmed

Pseudo-scalar med. 2HDM+a 0 e, µ 2 b Yes 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-006520 GeVmmed

Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y=0.4, λ=0.2, m(χ)=10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 2 e ≥ 2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 ATLAS-CONF-2021-0081.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥ 2 j, ≥ 2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥ 2e, µ, ≥ 1τ≥ 1 j, ≥ 1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e,µ, ≥ 1τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ ≥ 2 b, ≥ 1j Yes 79.8 singlet, κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 139 20008.07949790 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: March 2021

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)<400 GeV 2010.142931.85q̃ [1×, 8× Degen.] 1.0q̃ [1×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃

0
1)=5 GeV 2102.108740.9q̃ [8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)=0 GeV 2010.142932.3g̃

m(χ̃
0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃
0
1

1 e, µ 2-6 jets 139 m(χ̃
0
1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃

0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 139 m(χ̃

0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
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1)=300 GeV 1909.084571.25g̃

b̃1b̃1 0 e, µ 2 b Emiss
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1)<400 GeV 2101.125271.255b̃1

10 GeV<∆m(b̃1,χ̃
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b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
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0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
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2 τ 2 b Emiss
T 139 ∆m(χ̃

0
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1)=0 GeV ATLAS-CONF-2020-0310.13-0.85b̃1b̃1
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t̃1 t̃1, t̃1→Wbχ̃
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1)=500 GeV 2012.037990.65t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1-2 τ 2 jets/1 b Emiss
T 139 m(τ̃1)=800 GeV ATLAS-CONF-2021-0081.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃
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0 e, µ mono-jet Emiss
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0
1)=5 GeV 2102.108740.55t̃1
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0
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1
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T 139 m(χ̃

0
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t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
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0
1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV 2006.058800.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ 3 e, µ Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2020-0150.64χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 jet Emiss

T 139 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV 1911.126060.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0 1908.082150.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b/2 γ Emiss
T 139 m(χ̃

0
1)=70 GeV 2004.10894, 1909.092260.74χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden

χ̃±
1
χ̃∓

1 via ℓ̃L/ν̃ 2 e, µ Emiss
T 139 m(ℓ̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1908.082151.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 1911.066600.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 1908.082150.7ℓ̃

ee, µµ ≥ 1 jet Emiss
T 139 m(ℓ̃)-m(χ̃

0
1)=10 GeV 1911.126060.256ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 139 BR(χ̃

0
1 → ZG̃)=1 2103.116840.55H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 139 Pure Wino ATLAS-CONF-2021-0150.66χ̃±
1

Pure higgsino ATLAS-CONF-2021-0150.21χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

ℓ̃ℓ̃, ℓ̃→ℓG̃ Displ. lep Emiss
T 139 τ(ℓ̃) = 0.1 ns 2011.078120.7ẽ, µ̃

τ(ℓ̃) = 0.1 ns 2011.078120.34τ̃

χ̃±
1
χ̃∓

1 /χ̃
0
1 , χ̃

±
1→Zℓ→ℓℓℓ 3 e, µ 139 Pure Wino 2011.105431.05χ̃∓

1 /χ̃
0

1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓
1 /χ̃

0

1 [BR(Zτ)=1, BR(Ze)=1]

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 139 m(χ̃
0
1)=200 GeV 2103.116841.55χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.95χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′

323
=2e-4, 1e-2] 0.55t̃ [λ′′

323
=2e-4, 1e-2]

t̃t̃, t̃→bχ̃
±
1 , χ̃

±
1 → bbs ≥ 4b 139 m(χ̃

±
1 )=500 GeV 2010.010150.95t̃̃t Forbidden

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

χ̃±
1 /χ̃

0
2/χ̃

0
1, χ̃0

1,2
→tbs, χ̃

+

1→bbs 1-2 e, µ ≥6 jets 139 Pure higgsino ATLAS-CONF-2021-0070.2-0.32χ̃0

1

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
March 2021

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

https://indico.bnl.gov/event/9726/contributions/46353/
https://indico.bnl.gov/event/9726/contributions/46368/


Guglielmo Frattari  |  14 April 2021  |  Dark matter searches with the ATLAS detector  | 13

Backup slides
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Monojet sensitivity projections for Run 3 and Phase 2
• projections of 36fb-1 analysis results in different scenarios of systematic uncertainties 

• improvements coming ~only by the reduction of theoretical V+jets uncertainties → scenario already improved!
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ATLAS Simulation Preliminary
-1 = 13 TeV, 3 abs

End of Run 3 - 300fb-1 End of HL-LHC - 3000 fb-1

ATL-PHYS-PUB-2018-043

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-043/
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Axial-vector mediator summary plots
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Boosted dijet + ISR
; PLB 788 (2019) 316-136.1 fb

 + ISRbBoosted di-
; ATLAS-CONF-2018-052-180.5 fb
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; EPJC 78 (2018) 565-136.1 fb

 resonancebb
; JHEP 03 (2020) 145-1139 fb

+jetmiss
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γ+miss
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+V(qq')miss
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• mono-jet sets the strongest limits among mono-X searches 
• inclusive dijet dominates resonant searches

Axial-vector mediator
• axial-vector mediator → spin dependent 

 interaction
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ATLAS limits at 95% CL, direct detection limits at 90% CL

Dijet

Dijet
Dijet; JHEP 03 (2020) 145
Dijet TLA; PRL 121 (2018) 081801
Dijet+ISR; PLB 795 (2019) 56
Boosted dijet+ISR; PLB 788 (2019) 316

+ISR; ATLAS-CONF-2018-052bBoosted di-

 resonancett

 resonancett
EPJC 78 (2018) 565

 resonancebb

 resonancebb
JHEP 03 (2020) 145

+Xmiss
TE

+Xmiss
TE

+jet; arXiv:2102.10874miss
TE

; arXiv:2011.05259γ+miss
TE

+V(had); JHEP 10 (2018) 180miss
TE

+Z(ll); PLB 776 (2017) 318miss
TE

XENON1T

XENON1T
PRL 122 (2019) 141301

LUX

LUX
PRL 118 (2017) 251302

! comparison depends on chosen couplings

Comparison to direct detection experiments

ATL-PHYS-PUB-2021-006

mono-X
resonant searches

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
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Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → ℓνqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass

Leptophobic Z ′ → tt 0 e, µ ≥ 1 b, ≥ 2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT W ′ →WZ → ℓνqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT Z ′ → ZH model B 0-2 e, µ 1-2 b Yes 139 gV = 3 ATLAS-CONF-2020-0433.2 TeVZ′ mass

HVT W ′ →WH model B 0 e, µ ≥ 1 b, ≥ 2 J 139 gV = 3 2007.052933.2 TeVW′ mass

LRSM WR → tb multi-channel 36.1 1807.104733.25 TeVWR mass

LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ℓℓqq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0121.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 ATLAS-CONF-2021-0122.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV ATLAS-CONF-2021-0063.1 TeVmmed

Pseudo-scalar med. 2HDM+a 0 e, µ 2 b Yes 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-006520 GeVmmed

Scalar reson. φ→ tχ (Dirac DM) 0-1 e, µ 1 b, 0-1 J Yes 36.1 y=0.4, λ=0.2, m(χ)=10 GeV 1812.097433.4 TeVmφ

Scalar LQ 1st gen 2 e ≥ 2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 ATLAS-CONF-2021-0081.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥ 2 j, ≥ 2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥ 2e, µ, ≥ 1τ≥ 1 j, ≥ 1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e,µ, ≥ 1τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet 1808.023431.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb + X 0 e,µ ≥ 2 b, ≥ 1j Yes 79.8 singlet, κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 139 20008.07949790 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: March 2021

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J). 16

ATLAS exotics searches summary plot

Simplified dark  
matter models
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Model Signature
∫
L dt [fb−1] Mass limit Reference
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)<400 GeV 2010.142931.85q̃ [1×, 8× Degen.] 1.0q̃ [1×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃

0
1)=5 GeV 2102.108740.9q̃ [8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)=0 GeV 2010.142932.3g̃

m(χ̃
0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃
0
1

1 e, µ 2-6 jets 139 m(χ̃
0
1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃

0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 139 m(χ̃

0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV 1909.084571.25g̃

b̃1b̃1 0 e, µ 2 b Emiss
T 139 m(χ̃

0
1)<400 GeV 2101.125271.255b̃1

10 GeV<∆m(b̃1,χ̃
0
1)<20 GeV 2101.125270.68b̃1

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV 1908.031220.23-1.35b̃1b̃1 Forbidden

2 τ 2 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV ATLAS-CONF-2020-0310.13-0.85b̃1b̃1

t̃1 t̃1, t̃1→tχ̃
0
1

0-1 e, µ ≥ 1 jet Emiss
T 139 m(χ̃

0
1)=1 GeV 2004.14060,2012.037991.25t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 139 m(χ̃

0
1)=500 GeV 2012.037990.65t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1-2 τ 2 jets/1 b Emiss
T 139 m(τ̃1)=800 GeV ATLAS-CONF-2021-0081.4t̃1t̃1 Forbidden

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

0 e, µ mono-jet Emiss
T 139 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 2102.108740.55t̃1

t̃1 t̃1, t̃1→tχ̃
0
2, χ̃

0
2→Z/hχ̃

0
1

1-2 e, µ 1-4 b Emiss
T 139 m(χ̃

0
2)=500 GeV 2006.058800.067-1.18t̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 139 m(χ̃

0
1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV 2006.058800.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ 3 e, µ Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2020-0150.64χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 jet Emiss

T 139 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV 1911.126060.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0 1908.082150.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b/2 γ Emiss
T 139 m(χ̃

0
1)=70 GeV 2004.10894, 1909.092260.74χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden

χ̃±
1
χ̃∓

1 via ℓ̃L/ν̃ 2 e, µ Emiss
T 139 m(ℓ̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1908.082151.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 1911.066600.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 1908.082150.7ℓ̃

ee, µµ ≥ 1 jet Emiss
T 139 m(ℓ̃)-m(χ̃

0
1)=10 GeV 1911.126060.256ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 139 BR(χ̃

0
1 → ZG̃)=1 2103.116840.55H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 139 Pure Wino ATLAS-CONF-2021-0150.66χ̃±
1

Pure higgsino ATLAS-CONF-2021-0150.21χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

ℓ̃ℓ̃, ℓ̃→ℓG̃ Displ. lep Emiss
T 139 τ(ℓ̃) = 0.1 ns 2011.078120.7ẽ, µ̃

τ(ℓ̃) = 0.1 ns 2011.078120.34τ̃

χ̃±
1
χ̃∓

1 /χ̃
0
1 , χ̃

±
1→Zℓ→ℓℓℓ 3 e, µ 139 Pure Wino 2011.105431.05χ̃∓

1 /χ̃
0

1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓
1 /χ̃

0

1 [BR(Zτ)=1, BR(Ze)=1]

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 139 m(χ̃
0
1)=200 GeV 2103.116841.55χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.95χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′

323
=2e-4, 1e-2] 0.55t̃ [λ′′

323
=2e-4, 1e-2]

t̃t̃, t̃→bχ̃
±
1 , χ̃

±
1 → bbs ≥ 4b 139 m(χ̃

±
1 )=500 GeV 2010.010150.95t̃̃t Forbidden

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

χ̃±
1 /χ̃

0
2/χ̃

0
1, χ̃0

1,2
→tbs, χ̃

+

1→bbs 1-2 e, µ ≥6 jets 139 Pure higgsino ATLAS-CONF-2021-0070.2-0.32χ̃0

1

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
March 2021

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made. 17

ATLAS SUSY searches summary plot
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Dark matter summary plots allowing coupling to leptons
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• different coupling values tested in the two scenarios

ATL-PHYS-PUB-2021-006

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-006/
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Dark matter summary plots allowing coupling to leptons
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• different coupling values tested in the two scenarios
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Simplified DM models couplings limits plot
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Monojet likelihood fit model

      Fit strategy 

• shape fit to the pT
recoil distributions in two steps: 

1. without including the Signal Region (SR) → check any excess over SM predictions 
2. SR + CR fit with signal simulation → extract upper limits on considered models
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ly

ATLAS DRAFT

Process Nominal normalisation  � factor
Z (⌫⌫) + jets MC V

W (µ⌫) + jets MC V

W (⌧⌫) + jets MC V

W (e⌫) + jets MC V

Z (µµ) + jets MC V

Z (ee) + jets MC V

Z (⌧⌧) + jets MC V

tt̄ MC t t̄

single � t MC t

diboson MC –
multi-jet jet smearing (Section 6.7) –

non-collision background tagger (Section 6.6) –

Table 16: Source of the nominal prediction on each of the background processes in the signal region and applied
normalisation factor.  represents the normalisation factor.

to a corresponding change in the prediction for the W + jets and Z + jets backgrounds, modulo systematic906

uncertainties due to the fact that higher order QCD and EW corrections have di�erent impacts on the pT907

distribution of Z and W bosons, which are described in Section 7.4.1.908

Systematic uncertainties, described in detail in Section 7, are implemented as described in Ref. [75].909

6.3 Likelihood model910

Let:911

• i, with 1  i  Nbins, be the i-th precoil
T bin considered in the fit;912

• r run over the signal or control regions;913

• Nobs
r i be the observed total yield in the i-th precoil

T bin of region r;914

• NX
ri = NX

ri (✓) be the expected yield of process X in the i-th precoil
T bin of region r;915

• ✓ be the vector of nuisance parameters describing systematic uncertainties on the predicted yield of916

each background in each region and precoil
T bin;917

• µ � 0 be the scale factor associated to the normalisation of the considered signal (signal strength);918

•  be the vector of  � factors,  =
⇣
V , t t̄, t

⌘
.919

Then, the likelihood L is defined as920

L(µ, , ✓) =
Y

r

Y

i

Poisson
⇣
Nobs
r i | µN sig

r i (✓) + Nbkg
r i (, ✓)

⌘
fconstr(✓), (9)
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• three free floating Normalisation Factors 
• diboson and VBF W/Z+jets bkgs. taken directly from MC simulation 
• multijet and Non-Collision Background: data driven estimate 
• systematic uncertainties: gaussian constrained nuisance parameters
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Improving V+jets predictions
• MC simulation of V+jets processes (NLO QCD, LO EW) re-weighted to higher-order (QCD & EW) via theory correction  
following Eur. Phys. J. C 77, 829 (2017) 

• large impact in the tail of the ET
miss 

distribution 
• allow to correlate W & Z+jets in the fit

• include systematics to account for  
higher-order effects

• QCD uncertainties effects < 1% 
• EW: 0.2 ~ 1.6% - affecting tail of ET

miss 
distribution

+1%

pT
recoil = ET

miss in SR

Background uncertainty in SR QCD

QCD

QCD

QCD⊕EW EW

EW

EW EW

EW

EW

arXiv:2102.10874
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Pre-fit effect of V+jets theoretical systematics
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V+jets theoretical systematics
arXiv:2102.10874

Table 1: Uncertainties considered in the reweighting of V + jets samples to higher-order QCD and EW parton-level

calculations. For reference, the correspondence with the nuisance parameters included in Table 3 from Ref. is also

indicated.

Source of uncertainty Correlation Nuisance parameter name(s) in Ref.
Truncation of perturbative expan-

sion in ↵s

Correlated across precoil

T
bins and

V + jets processes
�(1) KNNLO

Shape of the vector-boson dis-

tribution and extrapolation from

low pT to high pT

Correlated across precoil

T
bins and

V + jets processes
�(2) KNNLO

Di�erence in QCD corrections

between W + jets and Z + jets

Correlated across precoil

T
bins and

V + jets processes
�(3) KNNLO

Unknown Sudakov logarithms

beyond NNLO

Correlated across precoil

T
bins and

V + jets processes
�(1)nNLO EW

Additional possible NNLO ef-

fects

Correlated across precoil

T
bins, un-

correlated between V + jets pro-

cesses

�(2)(W )
nNLO EW

, �(2)(Z!`+`�)
nNLO EW

, �(2)(Z!⌫⌫)
nNLO EW

Limitations of the Sudakov ap-

proximation at two loops

Correlated across precoil

T
bins, un-

correlated between W + jets and

Z + jets processes

�(3)(W )
nNLO EW

, �(3)(Z)
nNLO EW

Interference terms between QCD

and EW corrections

Correlated across precoil

T
bins and

V + jets processes
�KNNLO mix

PDF uncertainties
Correlated across precoil

T
bins and

V + jets processes
sum in quadrature of �K (i)

PDF

Di�erent definition of ⌧-leptons

between parton-level calculation

and simulation

Correlated across precoil

T
bins and

V + jets processes
–
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Monojet search: systematic uncertainties effect
arXiv:2102.10874

Source of uncertainty and e�ect on the total SR background estimate [%]
Flavor tagging 0.1 � 0.9 ⌧-lepton identification e�ciency 0.1 � 0.07
Jet energy scale 0.17 � 1.0 Luminosity 0.01 � 0.05
Jet energy resolution 0.15 � 1.3 Noncollision background 0.2 � 0.0
Jet JVT e�ciency 0.01 � 0.03 Multijet background 1.0 � 0.0
Pileup reweighting 0.4 � 0.24 Diboson theory 0.01 � 0.22
Emiss

T resolution 0.34 � 0.04 Single-top theory 0.13 � 0.28
Emiss

T scale 0.5 � 0.25 tt̄ theory 0.06 � 0.7
Electron and photon energy resolution 0.01 � 0.08 V+jets ⌧-lepton definition 0.04 � 0.16
Electron and photon energy scale 0.3 � 0.7 V+jets pure QCD corrections 0.24 � 1.1
Electron identification e�ciency 0.5 � 1.0 V+jets pure EW corrections 0.17 � 2.2
Electron reconstruction e�ciency 0.15 � 0.2 V+jets mixed QCD–EW corrections 0.02 � 0.7
Electron isolation e�ciency 0.04 � 0.19 V+jets PDF 0.01 � 0.7
Muon identification e�ciency 0.03 � 0.9 VBF EW V+jets backgrounds 0.02 � 1.1
Muon reconstruction e�ciency 0.4 � 1.5 Limited MC statistics 0.05 � 1.9
Muon momentum scale 0.1 � 0.7

Total background uncertainty in the Signal Region: 1.5%–4.2%
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Monojet control regions distributions
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New physics interpretations in the monojet search
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Mono-photon simplified DM models results
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Additional distributions for dark Higgs search
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fluctuation reduces sensitivity to mS =160 GeV signal

• signal region candidate mS distributions
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Shedding light on dark matter
• mono-photon final states can also be used to constrain simplified dark matter models
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• irreducible background Z(vv)+γ and reducible Wγ 
controlled via CR, similar to mono-jet  

• electrons & jets faking photons estimated in a 
data-driven way

Statistically limited analysis
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